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1 Introduction

MGRIDGEN and PARMGRIDGEN are serial and parallel software packageghat implementvariousalgorithmsfor
generatinga sequencef coarsegrids. The generatedoarsegrids containwell-shapecelementsandthusthey are
well-suitedfor geometricmultigrid methods.PARMGRIDGEN is an MPI-basedparallellibrary thatis basedon the
serialpackageMGRIDGEN andit is suitedfor parallelnumericalsimulationsinvolving large unstructuredyrids since
thealgorithmsincur a very smallcommunicatioroverheadachieve high degreeof concurreng andmaintainthe high
quality of the coarsegrids obtainedby the serialalgorithmsin the MGRIDGEN library.

This manualis organizedasfollows. In Section2 we briefly describethe serialalgorithmsof MGRIDGEN and
the parallelapproacho the problemof coarsegrid construction.In Section3 we describethe useof the standalone
programsprovidedwith MGRIDGEN andPARMGRIDGEN, to computecoarsayrids. Sectiond describesheformatof
thebasicparametershataresuppliedto theroutines.Section5 providesa detaileddescriptionof the calling sequence
of thefunctionsin bothlibraries.Finally, Section6 describesvhatotherlibrariesyouneedn orderto run MGRIDGEN
andPARMGRIDGEN andprovidescontactinformation.

2 Overview

The goal of the underlyingalgorithmsin MGRIDGEN/PARMGRIDGEN is to generatea coarsegrid that contains
well shapedelements subjectto the minimum and maximumsize constraintson the size of thesefusedelements.
MGRIDGEN/PARMGRIDGEN implementfour differentmethodsfor measuringhe overall quality of the coarsegrid,
andthe particularmethodcanbe selectedy theuser

Consideragrid Gy with n elementsandlet G; be the coarsegrid with n; elementssuchthat eachelement
of G: is obtainedby combiningtogether(i.e. fusing) someelementf Gy . For eachelementof the coarsegrid
we computeits aspectatio, thatmeasureshe degreeto which its correspondingrea,for two-dimensionabrids, or

volumefor three-dimensionalrids, is circularor spherical For two-dimensionafrids, the aspectatio of anelement

2 3
is definedas A = L . Whereasfor three-dimensionagrids, the aspectratio is definedas A = 572 . Within this

S

setting,thefour methodsor measuringhe quality of thecoarsegrid G; aredefinedasfollows:

Sum of Aspect Ratios We determinethe overall quality by summingup the aspectatiosover all the elementsof
G, . Sincesmalleraspectatiosarebetter a grid thathasthe smallestsumof the aspectatio of its elementds
preferred.

Weighted Sum of Aspect Ratios We cantake into consideratiorthe size of eachelementin the grid (i.e. how
mary elementsof the original grid were fusedtogetherto createan elementin the coarsegrid) and usethis
informationasthe weightparametefor eachelementwhencomputingthe weightedsumof aspectatios.

Maximum Aspect Ratio Anotherway to measureghe quality of the coarsegrid is to minimize the aspectratio of
the worstelementin the coarsegrid. Therefore,a preferredcoarsegrid will be the onethatachievesthe best
possibleaspectatio for its “worst” element.

Maximum Aspect Ratio and Weighted Sum of Aspect Ratios Thethird andsecondjuality measuresanbe
easily combinedtogetherand usedas a nev methodto measurehe quality of the coarsegrid. In this case,
amonggridsthathave the sameaspectatio for their worstelementthe weightedsumof the aspectatioswill
beused.

MGRIDGEN/PARMGRIDGEN usethemultilevel paradignto find thecoarsegrid thatoptimizestheparticularcoarse
grid quality measure.Within that context, the quality measurdunction becomeghe objective function thatis opti-
mizedby the multilevel paradigm.The generalframewvork of the multilevel paradigmis shavn in Figure 1, thathas
beenfoundeffective in therelatedproblemof graph/mesltpartitioning,se€[1, 2, 4, 3].

An importantaspectin the whole algorithmis the methodusedto do the coarseningphaseof the multilevel al-
gorithm. MGRIDGEN/PARMGRIDGEN implementtwo methodsfor the coarseningophase andagain,the particular
methodcanbe selectedy theuser
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Figure 1: The various phases of the the multilevel graph partitioning.

Random Agglomeration This is a completelyrandomizedalgorithmwhere neighboringelementsare fusedto-
getherin arandomway without consideringhe quality of theinducedcoarsegrid.

Globular Agglomeration In this agglomeratiortechniqueneighboringelementsarefusedtogetherin sucha way
thatthe new fusedcoarseelementwill have aminimal aspectatio.

Throughoubur algorithmsthe grid is modeledusingits dualgraph,whereeachvertex in the graphcorrespondso
anelemenbf thegrid (i.e., triangle,tetrahedronbrick), andtwo verticesareconnectediia anedge jf thecorrespond-
ing grid elementsharea segmentor facedependingpn whetheror notthegrid is two- or three-dimensional.

Figure 2 givesan overview of the functionality provided by MGRIDGEN/PARMGRIDGEN. Extendedtestshave
shawvn that certainalgorithmstendto producegrids of betterquality. Thesealgorithmsare the onesappearingn
shadedoxesin Figure2. Herewe presengll availablealgorithmsin thelibrary but nonethelesse suggestisingthe
onesthatperformbetter All of our algorithmsaredescribedn detailin [6].

2.1 Parallel Formulation

In the parallelformulationof our algorithms the graphis first distributedamongthe processorsisinga parallelgraph
partitioningalgorithmsothatwell shapedsubdomaingormulateon eachprocessosuchthatthe numberof elements
sharedon theinterfaceis minimal. Then,every processomodifiesits local graphby just removing/cuttingthe edges
thatconnecit to otherprocessorsTherefore all processorsiown have their own subdomairandcanwork onit, using
simply the serial routinesprovidedin MGRIDGEN, without needingto communicateat all with others. The coarse
domainobtainedafterthatwill have very goodcharacteristicentheinside,but will suffer ontheinterfacesincesome
of the original edgesweresimply cut. To curethis problemwe slightly perturbthe original partition of the graphso
thatpreviously interfacenodegwhosecoarseninguffers)becomeinterior in a processarandformerly interior nodes
(whosecoarsenings very goodanddo not needany morework) becomenterface,seeFigure3. Thisis donesimply
by calling anadaptve graphpartitioningroutinefrom PARMETS [5];: ParMETIS_RepartLDiffusion. After thegraph
is repartitionedetweerntheprocessorssomeocal refinements doneto improvethequality of thepreviouslyinterface
nodes.Only a few iterationsof repartitioningfollowed by refinementare neededandwe have obtaineda coarsegrid
of the samequality andcharacteristicasthe onethatthe serialalgorithmsof MGRIDGEN would yield.
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Figure 2: An overview of the functionality provided by MGRIDGEN. Shaded boxes correspond to the algorithms in MGRIDGEN that
tend to produce grids of higher quality.

Thestructureof the parallelalgorithmappearsn Figure4.

3 Stand-Alone Programs

MGRIDGEN providesaprogrammgridgen thatcanbeusedto coarseranunstructuredyrid. mgridgen isinvoked
by providing theargumentsn the commandine asfollows:

mgridgen GraphFile Dim CType RType LMin LM ax DbgLevel

Similarly, PARMGRIDGEN providesa program,parmgridgen  which is invoked by providing the sameargu-
mentsin thecommandine. Assuminganinstallationof MPI is onthe machinethenthe programis invokedas:

mpirun-npnpes parmgridgen GraphF'ile Dim CType RType LMin LM ax DbgLevel

Thefirst agument,GraphFile, is the nameof thefile thatstoresthe grid (whoseformatis describedn detailin
Section4.3). The secondargumentis the dimensionof the problem,either2 for a two-dimensionagrid or 3 for a
three-dimensionaine. Thethird andfourthagumentsC'Type and RType, specifywhich coarseningndrefinement
algorithmsto be used(describedn Section5). The LMin and LM ax parameterspecifyalower andupperbound,
correspondinglyon thesizeof theinducedagglomeratedells. Finally, thelast parametespecifieshelevel of output
theuserwantsto havein theend.Giving DbgLevel of 0 will produceno outputinformationatall. We suggestietug
level of 128 which prints somereasonablamountof statisticsof the quality of the coarsegrid.

Upon successfukxecutionof the serial codethe resultis storedin file GraphFile.partnparts. Similarly, the
resultof the parallelcodeis written in file Graph File.partnpes-mype.nparts. Theformatof bothfilesis described
in Sectior4.3.

4 Input/Output Formats
4.1 Format of the Input Grid

MGRIDGEN takesasinput thefollowing information
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¢ adjaceny structureof thegrid in compressedtoraggormat(CSR),
¢ vertex-boundary-surfacév®),

e verte-volume(v?)

PARMGRIDGEN takesasinputthefollowing information

adjaceny structureof the grid in compressedtoragdormat(CSR),

vertex-boundary-surfacév?®),

vertex-volume(v?)
o distributionarrayof thegraph,

Notethatthe only differencebetweerthe serialandthe parallellibrary is that PARMGRIDGEN requiresthe distri-
bution of the graphaswell.

Serial CSR Format The CSRformatis a widely usedschemefor storing sparsegraphs. In this format the

adjaceny structureof our graphis representedisingtwo arraysxadj andadjncy , andthe weightson the edges
arerepresentedy usingone additionalarray calledadjwgt . Notethatthe edgeweightherecorrespondso either
thelengthof the sharedine sggmentor the areaof the sharedface,in two- or three-dimensionajrids, respectiely.

Consideragraphwith n verticesandm edgesln the CSRformat,this graphis storedusingthearraysof thefollowing

sizes:

xadj[ m+1],adjncy[ 2m],andadjwgt] 2m]

Note thatthe reasonbothadjncy andadjwgt areof size2m is becausdor eachedgebetweenverticesv andu
we actuallystore(v, u) aswell as(u, v). Also notethatin our casethe verticesof the graphareunweightedoecause
we assumethat they all have the sameweight initially. The adjaceng structureof the graphis storedasfollows.



Assumingthatvertex numberingstartsfrom 0 (C style),thenthe adjaceny list of vertex i is storedin arrayadjncy
startingatindex xadj[ ¢] andendingat (but notincluding)index xadj[ 4+ 1] (i.e., adjncy[xadj[ 7]] through
and including adjncy[xadj[ i + 1]-1] ). Thatis, for eachvertex i, its adjaceny list is storedin consecutie
locationsin thearrayadjncy , andthearrayxadj is usedto pointto whereit beginsandwhereit ends.Figure5(b)
illustratesthe CSRformatfor the 15-vertex graphshown in Figure5(a). The weight of edgeadjncy[ ;] is stored
in adjwgt[ j] . Forthosefamiliar with the MENS packagethisis exactly theformatthatis usedby the usercallable
library of METS.
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(a) A sample graph

Description of the graph on a serial computer (MGridGen)

xadj 025811131620 24 28 31 33 36 39 42 44

adincy 150261372483906101571126812379134814511610127 11138 1214913

(b) Serial CSR format

Description of the graph on a parallel computer with 3 processors (ParMGridGen)

Processor 0: xadj 02581113
adincy 1502613724839
vitxdist 051015

Processor 1: xadj 037111518
adincy 06101571126812379134814

vixdist 05 10 15

Processor 2: xadj 02581113
adjncy 511610127 11138 12149 13
vtxdist 05 10 15

(c) Distributed CSR format

Figure 5: An example of the CSR format for storing sparse graphs.

Distributed CSR format Theserial CSRformatcanbe extendedfor the casein which the verticesof the graph
andtheir adjaceng lists are distributed amongthe variousprocessorsin particulay PARMGRIDGEN assumeshat
eachprocessorP; storesn; consecutie verticesof thegraphandthecorrespondingn; edgessothatn = 3, n;, and
m = ). m;. Eachprocessonow storedts local partof thegraphin thethreearraysxadj| n;+1] ,adjncy[ 2xm;] ,
andadjwgt][ 2 x m;] , usingthe CSRstoragescheme.Oneway of thinking aboutthis distributed CSRformatis as
follows. Seriallyyou have asinglexadj andadjncy arrays.Whenyou go parallel,theverticesandtheir adjacenyg
lists areequallydistributedamongthe processorsT hatis, you cantake n /p consecutie adjaceng lists from adjncy
andstorethemon consecutie processorgp is the numberof processors)Theseportionsof thewholeadjncy array
arethenthe adjncy arrayssuppliedby eachof the processorsn the distributed CSR format. In addition, each
processosuppliests localxadj arrayto pointto whereeachadjaceng list beginsandends.Thus,if we take all the
localadjncy arraysandconcatenatthemwill getexactlytheadjncy arraythatis usedin theserial CSR.However,
concatenatinghelocal xadj arrayswill notgive ustheserialxadj array sincetheentriesin eachlocalxadj point
to theirlocaladjncy array



In additionto thesethree arrays,eachprocessorlso suppliesan additionalarray vtxdistf  p + 1], thatin-
dicatesthe rangeof verticesstoredat eachprocessar In particular processorP; storesthe verticesstartingfrom
vixdist] 4] , upto (but notincluding) vertex vixdistf ¢ + 1] . Figure5(c)illustratesthe distributed CSRformat
by an exampleon a threeprocessoisystem. The 15-vertex graphin Figure 5(a) is distributed amongthe proces-
sorssothateachprocessogets5 verticesandtheir correspondingdjaceny lists. Thatis, processof getsvertices
0 through4, processof getsverticess through9, andprocesso® getsvertices10 throughl14. This figure shavs the
elementghatthe arraysxad]j , adjncy , andvtxdist  storeat eachprocessarNote thatthe arrayvtxdist — will
alwaysbethe sameat eachprocessar

All four arraysthatdescribethe distributed CSRformataredefinedin PARMGRIDGEN to be of type eitheridx-
type orrealtype .Bydefaultidxtype issettobeequivalenttotypeint (i.e., integers)andrealtype issetto
beequialentto typedouble . However, idxtype canbemadeto beequialentto ashort int andrealtype
equialenttotypefloat  for certainarchitecturesThecorversionfromint toshort andfromdouble tofloat
canbedoneveryeasilyby modifyingthefiles MGridGen/IMlib/IMlib.h andParMGridGen/IMParMetis-
2.0/ParMETISLib/struct.h (instructionsareincludedthere). The sameidxtype  is usedfor the arraysthat
areusedto storethe computedpartition.

vertex-boundary-surface (v®) Thevertex-boundary-stfacearray of lengthn, is usedto capturethelengthor
areaof theelements sggmentsor faceshatarenot sharedy otherelementsi.e., they areontheboundaryof thegrid.
Notethatfor all interior elements® will bezero.

vertex-volume (v?) Thevertex-volumearray of lengthn, is usedto capturethe area(for two-dimensionagrids)
or thevolume(for three-dimensionajrids) of thatparticularelement.

An exampleof atwo-dimensionatriangularmeshandits correspondinglualgraphis shavn in Figure®.
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Figure 6: Sample two-dimensional triangular mesh and the dual Graph.

4.2 Output Format of the Computed Coarse Grid

Format of the Partition Array The partitionarrayof a graphwith n verticesis anintegerarrayof sizen. The
ith entryof thisarrayrepresentshe controlvolumethattheith vertex belongso. Partition numbersstartfrom 0 upto
thenumberof agglomeratedells (controlvolumes)producedminusone.



4.3 Format of the Input File for the Stand-Alone Program

The stand-alondPARMGRIDGEN programrequiresasan input a grid file in the following format. If the grid hasn

vertices thenthegrid is storedin atext file with n + 1 lines. Thefirst line containsinformationaboutthe sizeof the
grid, while the remainingn lines containinformationfor eachvertex. Thefirst line containstwo integers,which are
the numberof verticesandedgesof the grid, respectiely. Notethatin determiningthe numberof edgesn, anedge
betweenrtwo verticesu, v is countedonly oneandnottwice (i.e., we do not counttheedge(u, v) separatelfrom the
edge(v,u). For examplethe graphin Figure6 containsl8 edges.The remainingn lines containinformationabout
the actualstructureof the graph. In particulat theith line containsinformationrelevantto theith vertex. In general
eachline will have thefollowing structure:

Uvz' V1 €1 V2 €2 ... Vg €

wherev?; is thevertex-volumeassociatedvith the currentvertex, vy, vo, ... v aretheverticesadjacento this vertex
andey, es, ... e, arethe associatedveightsof thesevertices. The vertex-boundary-stfacefor vertex i is entered
simply by enteringit asan edgeweightbetweenthe ith vertex with itself. Note thatthe verticesherearenumbered
startingfrom 1 (notfrom 0 asis oftendonein C).

For example theinputfile for thegrid in Figure6 would betheonein Table1.

15 18

2 1 22 2 2 3 2
V5 o1 2 4 1 2 V5
2 1 2 7 V5 6 5
1 2 1 7 V5 4 2
2 6 2 8 2 5 22
1 3 5 5 2 9 1
2 4 5 3 5 12 2
1 5 2 9 1 10 5
1 6 1 8 1 11 1
2 8 5 11 2 13 13
1 9 1 10 2 14 10
3 7 2 14 10 15 10
13 10 13 13 5

3 11 V10 14 2 12 10
32 12 Vo 15 4

Table 1: Input Grid File corresponding to grid in Figure 6.

Noteherethatin theactualfile, v/5 shouldbe substitutedby the actualvalueitself, i.e. 2.236068, etc.

4.4 Output File Format from the Stand-Alone Program

Format of the Partition File Thepartitionfile of agraphwith n verticesconsistf n lineswith a singlenumber
perline. Theith line of the file representshe control volumethattheith vertex belongsto. Partition numbersstart
from 0 up to thenumberof agglomeratedells (controlvolumes)producedminusone.

4.5 Memory Allocation

MGRIDGEN andPARMGRIDGEN allocateall the memorythey requiresdynamically This hasthe advantagethatthe
userdoesnot haveto provide workspacebut if thereis notenoughmemory theroutinesabort.Notethattheroutines
in MGRIDGEN andPARMGRIDGEN do not modify thearraysthatstorethegraph.



5 Calling Sequence of the Routines

Thisis thedescriptionof the calling sequencef theroutineprovidedby MGRIDGEN.

MGridGen (int nvtxs, idxtype*xadj, realtype*vvol, realtype*vsurf, idxtype*adjncy, realtype*adjwgt,
int minsize,int maxsizejnt *options,int *nmoves,int *nparts, idxtype*part)

Parameters
nvtxs Thenumberof verticesof thegraph.
xadj, adjncy
Theadjacenyg structureof thegraphasdescribedn Section4.1.
vvol Informationaboutthe volumeof eachvertex asdescribedn Section4.1.
vsurf Informationabouttheboundarysurfaceof eachvertex. It is zerofor all interiorelementsasdescribed
in Section4.1.
adjwgt  Informationaboutthe weightsof the edgesasdescribedn Section4.1.
minsize A lowerboundonthecell sizefor thecoarsegraph.
maxsize An upperboundonthecell sizeof thecoarsegraph.
options  Thisis anarrayof 4 integersusedto passparametergor the variousphase®f the algorithm.
options[0] CType: Selectsthe algorithmto be usedfor the coarseningphaseof the multilevel
algorithm,seeSection2, [6]. Possiblevaluesare:
1 A randomagglomeratioralgorithmis used
4 A globularagglomeratioralgorithmis used(Suggested).
Theglobularagglomeratiorschemeyieldsbetterresultsandis thereforerecommended.
options[1] RType: Selectghealgorithmto beusedfor theuncoarseningrefinemenphaseof the
multilevel algorithm,seeSection2, [6]. Possiblevaluesare:
1 Minimize objective F; asdescribedn [6].
2 Minimize objective F, asdescribedn [6].
4 Minimize objective F3 asdescribedn [6].
6 Minimize dualobjectve F3 and F> asdescribedn [6] (Suggested).
Thedualobjective yieldsbetterresultsandis thereforerecommended.
options[2] Specifieghelevel of informationto bereturnedduringthe executionof thealgorithm.
If setto 0 noinformationis given. If setto 128 it providessomebasicinformation
regardingthequality measuresf thecoarsegraph(Suggested). Additional optionsfor
this parametecanbe obtainedby looking atthe endof thefile defs.h
options[3] Specifieghe dimensionof thegrid. Possiblevaluesare:
2 ltisa2-dimensionagrid.
3 ltisa3-dimensionagrid.
nmoves Upon successfutompletion,this variablestoresthe numberof movesthat were performedduring
therefinemenphase.
nparts  Upon successfutcompletion,this variable storesthe numberof agglomeratectells in the coarse
graph.
part This is an array of sizeequalto the numberof graphvertices. Upon successfutompletionstores

the control volume numberthat eachgraphvertex belongsto, in the coarsegraph,as(describedn
Sectior4.2).
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Thecalling sequencef theroutineprovidedby PARMGRIDGEN is describedn therestof this section.

ParMGridGen (idxtype*vixdist, idxtype*xadj, realtype*vvol, realtype*vsurf, idxtype*adjncy,
realtype*adjwgt, int *nparts,int minsize,int maxsizejnt *options, idxtype*part,
MPI_Comm*comm)

Parameters
vixdist  Thearraydescribinghow theverticesof the grapharedistributedamongthe processorasdescribed
in Sectiond.1.
xadj, adjncy
Theadjaceny structureof the graphasdescribedn Section4.1.
vvol Informationaboutthe volumeof eachvertex asdescribedn Section4.1.
vsurf Informationabouttheboundarysurfaceof eachvertex. It is zerofor all interiorelementsasdescribed

in Section4.1.
adjwgt  Informationaboutthe weightsof the edgesasdescribedn Section4.1.

nparts  Upon successfucompletion,this variable storesthe numberof agglomeratectells in the coarse
graphthatis storedlocally.

minsize A lowerboundonthecell sizefor thecoarsegraph.
maxsize An upperboundonthecell sizeof thecoarsegraph.

options  This is an array of 4 integersusedto passparametergor the variousphasesof the algorithm. A
completedescriptionof this arrayappearedbeforein the descriptionof the call of MGridGen.

options[0] CType: Selectsthe algorithmto be usedfor the coarseningohaseof the multilevel
algorithm.

options[1] RType: Selectghealgorithmto beusedfor theuncoarseningrefinemenphaseof the
multilevel algorithm.

options[2] Specifieghelevel of informationto bereturnedduringthe executionof the algorithm.

options[3] Specifieghe dimensionof the grid.

part This is anarrayof sizeequalto the numberof locally storedvertices. Upon successfutompletion
storeghecontrolvolumenumberthateachgraphvertex belonggo, in thecoarsegraph,as(described
in Section4.2).

comm This is the MPI communicatoof the processeshat call PARMGRIDGEN. For mostprogramsthis
will beMPI_COMMVORLD

6 Hardware & Software Requirements, and Contact Information

MGRIDGEN is written entirelyin ANSI C, andis portableon mostUnix systemghathave an ANSI C compiler(the
GNU C compilerwill do). It hasbeenextensiely testedon AIX, SunOSSolaris,IRIX, Linux, FreeBSDandUnicos.

PARMGRIDGEN is written entirely in ANSI C, and usesMPI for communicationamongthe processors.lt is
portableon mostUnix systemshathave an ANSI C compiler (the GNU C compilerwill do) andMPI. It hasbeen
extensvely testedon AlX, IRIX, Linux, andUnicos.

Instructionsonhow to build thelibrariesareavailablein thefile calledINSTALL in PARMGRIDGEN’s distribution.
In orderto compile PARMGRIDGEN, the serialcodeof MGRIDGEN musthave beeninstalledon the systenfirst. The
distribution of PARMGRIDGEN containsthe seriallibrary aswell andit is built automatically In orderto usethe
librariesin your application,you needto link your programwith eitherlibmgrid.a  , or both libmgrid.a and
libparmgrid.a , dependingn your applicationwhetherit is serialor parallel.

In thedirectorycalledGraphs youwill find samplegraphfiles,to beusedwith the standalong@rogramangrid-
gen andparmgridgen , thattestif MGRIDGEN and PARMGRIDGEN werebuilt correctly Also, two headeffiles

11



calledmgridgen.h  andparmgridgen.h  areprovided that containthe prototypesfor the functionsin both li-
braries.

EventhoughMGRIDGEN andPARMGRIDGEN containno known bugs,it doesnot meanthatall of their bugshave

beenfoundandfixed. If youfind arny problemspleasesendanemailto moulitsa@cs.umn.edwith abrief description
of the problemyou have found. Any future updateso MGRIDGEN and PARMGRIDGEN will be madeavailableon
WWW at http://wwwcs.umn.edl/moulitsa/softwae.html.
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